Introduction
The principle of photoconverting fluorescent dyes to an insoluble light and electron-dense diaminobenzidine (DAB) reaction product was first demonstrated by Maranto (7), who showed that Lucifer Yellow microinjected into leech neurons could be photoconverted to an opaque reaction product. This was accomplished by bathing the tissue in a DAB solution while exposing the tissue to a frequency of light that maximally excites the fluorescent tracer. Subsequent authors demonstrated that this technique could be applied to a variety of fluorescent tracers. One group (9) used a number of fluorescent dyes (Lucifer Yellow, acridine orange, propidium iodide, ethidium bromide, dihydroxyuaptamine, TRITC-conjugated IgG, and FITC-conjugated IgG) and applied them in a variety of modes (tissue culture, intraocular injection, intracellular injection of fixed tissue) and subsequently photoconverted as previously described. Other authors (1) demonstrated that similar methodologies could be used to photoconvert a number of the retrograde axonally transported fluorescent dyes. These authors reported the successful photoconversion of both propidium iodide and rhodamine latex microspheres, with less satisfactory results being obtained with Evans Blue. They were unable to photoconvert cells labeled with Nuclear Yellow, bisbenzimide, or primuline, and were also unable to photoconvert Fluoro-Gold, Fast Blue, or Diamidino Yellow at appropriate excitation wavelengths, although they reported that the latter three tracers will yield a DAB reaction product when exposed to longer wavelengths. Some researchers have applied the photoconversion methodology to help resolve questions of synaptic connectivity. An approach used by Buhl and colleagues (2) involves the lesioning of potential afferent sites in combination with in vitro retrograde labeling of a cell which is then filled intracellularly with Lucifer Yellow and then photoconverted. Examination by electron microscopy enables one to resolve degenerating terminals making contact with dendrites containing photoconverted Lucifer Yellow. In a somewhat different approach (11), we developed the photoconversion of Fluoro-Ruby so that it could be used to label afferent terminals making contact with dendrites retrogradely labeled with Fluoro-Gold, as indicated by either abnormal lysosomal profiles (12) or immunological identification (3).
Fluoro-Ruby is a fluorescent rhodamine-dextran-amine (10,000 MW) which has been used to demonstrate in vivo anterograde axonal transport within the CNS (13) . The compound was first synthesized by Gimlich and Braun ( 5 ) , who used it to trace the cell lineage of embryonic cells. The dye has also been used to trace the development of retinal ganglion cell axons (8) and to examine uptake and transport in a peripheral nerve preparation (6). Since Fluoro-Ruby is a highly sensitive anterograde tracer, it would be very useful to be able to localize it at the electron microscopic level, enabling one to examine synaptic connectivity. Therefore, the purpose of this study was to see whether we could develop a photoconversion technique that would enable us to examine the potential 
Materials and Methods
Six male adult albino rats received 100-nl injections of 10% Fluoro-Ruby (FR)(tetramethylrhodamine-dextran-amine, MW 10,000 (#D-1817; Molecular Probes, Eugene, OR) into the striatum while under deep ketamine (75 mglkg) and xylazine (9 mg/kg) anaesthesia. The tracer was reconstituted in 0.9% saline. Two additional animals received similar injections of a 2.5% solution of the fluorescent retrograde tracer Fluoro-Gold (10) (Fluorochrome: Englewood, CO) in an attempt to verify the report by Bentivoglio and Su (1) of successful photoconversion of Fluoro-Gold with long wavelength light. Five days after tracer injection the rats were again anesthetized and then perfused with 4% formaldehyde and 0.5% glutaraldehyde in neutral phosphate buffer. All animal surgeries and perfusions were performed in accordance with the institution's animal care and use guidelines. The brains were subsequently post-fixed overnight in the same solution plus 20% sucrose. The midbrain was then sectioned on a vibratome or a freezing sliding microtome and the 40-pm thick sections were placed on glass slides in a drop of saline. The sections were briefly examined under an epifluorescence microscope using a filter system suitable for rhodamine visualization (excitation filter 530-560 nm, barrier filter 580 nm). to de-~ _ _ _ _ - Figure 2 . Electron micrograph prepared from a portion of the substantia nigra pars reticulata illustrated in Figure 1 that showed densely labeled terminal fields. A darkly labeled axon terminal can be seen making synaptic connections with a dendrite (center). Both postsynaptic densities and presynaptic vesicles are aPParent. An unlabeled axon can be seen making synaptic contact on the opposite side of the same dendrite. Bar = 0.45 vm.
termine the regions containing the fluorescent tracer. Those sections found to contain the FR were first incubated for 2 min in a vehicle consisting of 0.1 M Tris buffer. pH 7.6. The sections were then transferred for 10 min to a filtered 0.0066% DAB (Sigma; St Louis, MO) solution dissolved in the same buffer. The section was then placed in a drop of the DAB solution on a glass slide, which was subsequently placed under the x 20 objective of an epifluoresccnce microscope. The microscope was equipped with an objective with a numerical operature of 0.7 and a 200-W mercury vapor lamp. The section was excited by green (530-560 nm) light for 30 min. Sufficient DAB solution should be used so that it will not completely evaporate during the photoconversion procedure. After photoconversion. the section was rinsed for 5 min in two changes of the Tris buffer. The sec- tions were mounted on gelatin-coated slides. air-dried. cleared in xylene. coverslipped, and examined by brightfield microscopy. The sections to be examined at the electron microscopic levcl were cut on the vibratome. photoconverted as previously described, and then post-fixed for 30 min in 1% osmium tetroxide. The sections were then dehydrated with graded acetone solutions, embedded in Spurr's plastic polymer, cut on an ultratome. stained with 1% uranyl acetate in citric acid buffer for 10 min. rinsed with distilled water, and finally examined with the electron microscope. In this study, the substantia nigra pars compacta was cxamined for evidence of retrogradely labeled cells. and the pars reticulata region was examined for evidence of anterogradely labeled afferent axons and terminals. These regions were ex-amined because the dopaminergic neurons of the substantia nigra pars compacta are known to project to the striatum, while GABAcrgic neurons within the striatum are known to send axon projections to the substantia nigra pars reticulata. This fluorescent image resulting from green light excitation is shown in Figure 1A .
Results

Injections of Fluoro
The fluorescent emission was lost within the first 10 min of incubation in the DAB solution with green light excitation. After 30 min of photoconversion, dark-brown terminal-like structures became apparent within the medial substantia nigra pars reticulata and dark brown cellular profiles with proximal dendrites could also be seen in the medial substantia nigra pars compacta ( Figure 1B) . This opaque reaction product occurred in the same structures that exhibited fluorescence. Attempts to photoconvert adjacent tissue that did not contain the tracer were negative. Attempts to photoconvert tissue containing retrogradely transported Fluoro-Gold with either short (w) or long (green) wavelengths of light were also negative.
The vibratome sections that were processed for electron microscopy revealed good ultrastructural preservation. Examination of the region of the substantia nigra pars reticulata that exhibited DAB reaction product at the light level revealed electron-dense terminallike structures by electron microscopy. The terminals typically contained a dark, fine-grained reaction product through which paler synaptic vesicles could be seen (Figures 2 and 3) . The terminals could also be identified on the basis of their synaptic contacts with distal dendritic profiles. Both labeled and unlabeled axon terminals could be seen to synapse on the same dendritic segment (Figure 3 ).
Discussion
This study employed a basic photoconversion technique similar to that used by Maranto (7) for the photoconversion of Lucifer Yellow. Similarities include incubation of the section containing the fluorescent dye in a DAB-containing solution during irradiation by a wavelength of light that excites the tracer. Some authors (9) contend that the mechanism underlying the photoconversion involves optimally exciting the fluorochrome with light, which results in the generation of free radicals that oxidize the DAB to form a dense, insoluble precipitate. This theory has been questioned by other investigators (I), who report that some retrogradely transported fluorescent tracers (e.g., Fluoro-Gold) can be photoconverted by exposure to long-wavelength light, as opposed to the shorter wavelengths that cause the tracers to emit light. However, some caution may be required in interpreting this finding, since their DAB reaction product did not seem to correspond with the intracellular localization of the tracer. In addition, the present attempt to replicate the claim of Bentivoglio and Su (1) regarding the photoconversion of Fluoro-Gold with long wavelengths of light was unsuccessful, adding support to the theory of Sandell and Masland (9) that fluorescent excitation of the tracer is necessary for photoconversion.
In planning this study it was necessary to use conditions that were suitable for fluorescent, brightfield, and electron microscopic analysis. This entailed making certain compromises. For example, addition of 0.5% glutaraldehyde was enough to give reasonably good ultrastructural preservation, yet was a low enough concentration so as not to produce a high level of autofluorescence. What autofluorescence we did detect did not undergo photoconversion as did the fluorescent tracers themselves. If one wished to optimize the technique for fluorescent and brightfield microscopy, it would be advisable to omit the glutaraldehyde and to cut thinner (20-30 bm) cryoprotected frozen sections. Conversely, if maximal-quality electron microscopy is the primary goal, then the fixative should contain more glutaraldehyde (1-2 96) and thicker (40-100 pm) sections should be cut on a vibratome.
A number of potential applications exist for the photoconversion of FR. First, it allows fluorescent anterograde track tracings to be converted into brightfield images which are more permanent and of higher contrast. In this application, it provides the same information as does PHA-L (4), without requiring the extensive histochemical processing. A second application of photoconverting FR is to extend connectional studies to the electron microscopic level. This is important, as it enables one to resolve the actual synaptic contacts made by labeled afferent terminals. By combining a retrograde tracer (such as HRPor immunoperoxidase-localized Fluoro-Gold) (3) with photoconverted Fluoro-Ruby it should be possible to resolve unequivocally monosynaptic connections.
